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Abstract- The dilated cardiomyopathy (DCM) induces important
changes in the autonomic control. Measures of heart rate (HR)
variability and systolic blood pressure (SP) variability are
sensitive to those changes. The interactions between HR and SP
are rather complex and strongly non-linear.

We introduced the joint symbolic dynamics (JSD) as a new
short-term high resolution non-linear analysis method to
investigate the complex interactions between HR and SP.
Continuous non-invasive 30 minutes blood pressure recordings
(Portapres) of 25 patients with DCM and 27 healthy controls
(CON) were analyzed. HR and SP were extracted from the blood
pressure time series on a beat-to-beat basis.

Using the concept of JSD, HR and SP dynamics were
transformed into a bivariate symbol vector. Subsequently, this
symbol vector was transformed into a word series (words
consisting of three successive symbols) and the probability of
occurrence of each word type was calculated and compared
between both groups. We found significant differences (partly
p<0.01) in six word types between DCM and CON.

JSD provides an efficient non-linear presentation of HR and SP
interactions that offer rather simple physiological
interpretations and seems to be particularly suitable for risk
stratification in patients with dilated cardiomyopathy.

Keywords - Symbolic dynamics, heart rate variability, blood
pressure variability

[. INTRODUCTION

Patients suffering from dilated cardiomyopathy are at risk to
die due to sudden cardiac death (SCD). Assessing the
autonomic control is crucial for predicting SCD. In this way,
the analysis of heart rate variability (HRV) has shown to be
of prognostic relevance [1,2]. Newer approaches have been
concentrated on multi-modal assessment of biological signals.
One dominant impact of HRV comes from the respiratory
system. The coupling between HR and respiration has been
proven in several studies [3,4]. Besides respiratory
modulation, HRV is strongly influenced by blood pressure
regulation. To estimate this factor, two main approaches have
been established. First, the similarities between HR and SP
are analyzed with power spectra density estimation [5].
However, the coherence spectrum presumes stationarity and
moreover linearity. Thus, nonlinear interdependencies are
neglected. The second approach focuses on special patterns
within the HR and SP time series, i.e. sequences of
monotonous decreasing SP and in parallel monotonous
increasing HR. Those patterns are associated to the
baroreceptor reflex and the slope of the HR-SP ratio is used
as a measure for the baroreceptor reflex sensitivity [6].

To investigate the short-term interactions between HR and
SP more complex, we introduced the joint symbolic
dynamics. The concept of symbolic dynamics is based on a
coarse-graining of dynamic processes by means of symbols
[7]. The time series are translated into an alphabet of
symbols. Thus, detailed information are lost but the robust,
invariant properties remain and therefore, are easier to
interpret.

We hypothesize that JSD provides enhanced information
about interactions between HR and SP and therefore, is able
to characterize regulatory dysfunctions that are caused by
dilated cardiomyopathy.

II. METHODOLOGY
A. Data and preprocessing

We compared the JSD of 25 patients suffering from DCM
with 27 CON. The CON showed normal values in ECG,
exercise ECG and medical history. DCM was confirmed by
echocardiography and left ventricular catheterization. The age
was comparable in both groups (CON: 50+-11 vs. DCM:
50+-12).

In all subjects, the continuous blood pressure was recorded
over 30 minutes, using a Portapres M2 non-invasive blood
pressure monitor (TNO Biomedical Instrumentation,
Netherlands) during the late morning hours. Based on Panez’
‘volume clamp method” [8] and Wesseling’s calibration
criteria [9], the device measures the peripheral arterial blood
pressure via finger cuff. The accuracy of this method has
been investigated in various studies. Although an shift in the
absolute pressure values was reported in several cases, the
accepted opinion confirms reliable measurement of blood
pressure variability [10,11].

The time series of beat-to-beat SP as well as HR were
extracted from the Portapres recordings, applying the
‘Beatfast’ pattern recognition software package from TNO
Biomedical Instrumentation. Thereafter, ectopic beats and
other disturbances were excluded and interpolated by an
adaptive variance estimation algorithm [12].

B. Joint symbolic dynamics

If x is the bivariate sample vector of the HR and SP time
series (1), s and s*" are threshold values, then w represents a
bivariate symbol vector (2), gained by transforming x into a
symbol sequence according to (3) and (4).
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Thus, the bivariate symbol vector w consists of a=4 symbols.
Further, w is fractionalized to words (bins) of the length £.
The maximum length of words is restricted by the probability
of occurrence p(w;) of each word type and therefore,
indirectly by the amount of measured samples (5).
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Precondition for a statistical sufficient quantification is that
p(wy) should be greater than 30 assuming equal distribution.
With 30 min recording time and an estimated mean heart rate
of 75 beats / minute x contains 2250 samples, thus w has a
length of N=2249. Consequently, the maximum length of
words is limited to 4=3 spanning a 8 x 8 vector matrix W
from word type w;=[000,000]" to w,=[111,111]" (Fig. 1).
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Fig. 1. Transformation of vector x that contains the bivariate heart rate and
systolic blood pressure samples, into symbol vector w and word distribution
matrix W. (x: beat-to-beat heart rate in bpm and beat-to-beat systolic blood
pressure in mmHg; w: symbol ‘1’: increasing values, symbol ‘0’:
decreasing and equal values; W: row: symbol sequence of heart rate
column: symbol sequence of systolic blood pressure.)

These data permit the investigation of the dynamics within
four successive heart beats and responding systolic blood
pressure values. To compare the word type distribution
between data sets of different length the sum of all counted
words is normalized to one.

C. Statistics

To compare the JSD between DCM and CON we calculated
group means and standard deviations from all word types and
performed a two-tailed t-test. The large number of variables
reveals the problem of multiple testing very apparent.
According to Bonferroni, a (global) significance (p,) of an
observed v-dimensional parameter space can be guaranteed, if
the local p-value (p)) is less than p,, divided by the number of
variables (6).

pr<— (6)
v

The global significance level was set at p,=0.05, thus
p=0.00078 .To estimate whether JSD is able to give
information about the severity of DCM, we organized a
subgroup DCM* consisting of patients with the lowest
ejection fraction.

III. RESULTS

Fig. 2 and 3 display the three dimensional plots of the
probability distribution matrix W in CON and DCM. Both
plots show interactions of HR and SP with deterministic
structures rather than stochastic patterns. Significant different
word types between DCM and REF are summarized in Tab.1
and Tab.3. There are six word types that fulfill the global
significance criterion. The word types w,=[001,000]",
wi=[011,111]", and w,=[110,000]" occur significantly less in
DCM compared to REF, whereas the word types
wi=[000,101]", w,=[001,010]", and w,=[001,101]" occur
more frequently in DCM than in REF. The relative
differences between the group means range from —54 percent
to 226 percent and are displayed in Tab. 2.

Considering the mean of subgroup DCM*, the trend from
CON to DCM continues in five of six word types. This means
the word type probabilities wi=[001,000]" and w,=[110,000]"
are lower in DCM than in CON and lowest in DCM*.
Conversely, the  probabilities of  w=[000,101]",
wi=[001,010]", and w,=[001,101]" in DCM are greater than
in CON and even greater in DCM*. The only exception is
word type w,=[011,111]". Here, the group mean in DCM* is
near to DCM (relative difference 5%). The relative
differences between DCM and CON as well as between DCM
and DCM* of all words are displayed in Tab. 2.



Word type CONvs.DCM CONvs. DCM* DCM vs. DCM*
[000,101] 225,7 363,5 423
[001, 000] -60,5 -86,2 -65,1
[001,010] 107,0 162,2 26,7
[001,101] 154,2 2343 31,5
[011,111] -65,2 -63,2 4,6
[110,000] -53,5 -65,9 -26,7
Tab. 2. Relative differences between the group means of CON, DCM and
DCM*.
CON
word
probability
density
111
DCM
word
probability
0,03 density
000

Fig. 2: Word distribution density matrix of CON and DCM. (HR -
behavior of three successive interbeat intervals, SP - behavior of three
successive systolic blood pressure values)

IV. DiscussIioN

In this paper, we introduced a novel approach for the
investigation of HR and SP interactions based on JSD.
Transforming HR and SP times series into a bivariate symbol
vector reveals significant differences in the short-term
interactions of both signals between patients with dilated
cardiomyopathy and controls.

Word type CON DCM
wk mean sd mean sd

[000,101] 0,006 0,004 0,019 0,016
[001, 000] 0,017 0,012 0,007 0,005
[001,010] 0,009 0,006 0,019 0,012
[001,101] 0,008 0,008 0,020 0,011
[011,111] 0,014 0,009 0,006 0,006
[110,000] 0,007 0,004 0,003 0,003

Tab. 1: Significant word types.
(mean - group mean, sd - standard deviation)

Considering the significant word types in detail, we find
pulsus alternans [13] patterns in three cases (w=[000,101]",
wi=[001,010]", and w=[001,101]"), ie. word types
containing ‘010> or ‘101 patterns. Interestingly, these
patterns occur always in SP but not in HR. Comparing the
group means of DCM and CON, all these alternans patterns
occur significantly more frequent in DCM (Tab. 1). This
suggests that pulsus alternans in SP is increased in DCM. The
arithmetic average of subgroup DCM* verifies this
assumption (Tab. 2). All three word types occur even more
frequently in this group. The data also indicate that there is a
relationship between pulsus alternans in SP and HR
interactions. Otherwise, all word types featuring alternans
patterns in SP should be significant. But that is not the case in
the analyzed data. Here, the significant differences in the SP
alternans are concentrated on word types with two different
patterns in HR, namely ‘000’ and ‘001’. This means that SP
alternans occurs significantly more frequent in DCM, if the
heart rate drops over three intervals or if the heart rate drops
within the first and the second interval or remains constant.

Word type pi Py

[000,101] 0,0004 0,025
[001, 000] 0,0002 0,012
[001,010] 0,0008 0,048
[001,101] 0,0001 0,005
[011,111] 0,0005 0,032
[110,000] 0,0008 0,049

Tab. 3: T-test of significant word types.
(pi-local p-value, pg-global p-value)



Besides these three alternans related word types there are
significant differences between DCM and CON in the word
types wi=[001,000]", w,=[011,111]", and w,=[110,000]".
Focussing on similarities within these word types reveals in
all cases monotonous patterns in SP, i.e. ‘000” or ‘111’
sequences. Contrary to the word types with alternans patterns,
these word types occur significantly less often in DCM than
in CON (Tab. 1). With the exception of word type
wi=[011,111]", where the group mean in DCM* is similar to
DCM, the subgroup DCM* continues with this trend and
shows more decreased group means than DCM. Not all word
types with monotonous patterns in SP differ significantly
between DCM and REF, that indicates particular interactions
with HR. Surprisingly, baroreceptor reflex patterns
considered by the ‘sequence method’ and the ‘dual sequence
method’ [14] respectively, i.e. word types w=[000,111]" and
wi=[111,000]" do not significantly differ between DCM and
CON. This seems to be contrary to previous published
findings, where a reduced baroreceptor reflex sensitivity was
found in DCM. An explanation for this might be that the
sequence methods assess the frequency of baroreceptor reflex
activation whereas JSD takes the activation duration into
account and does not consider the slope. Probably these
different effects compensate each other.

There are two limitations in JSD that should be
considered. First, the word length (number of data points)
depends exponentially on recording time. Even when using
non-invasive monitoring techniques like Portapres, recording
times longer than two hours (enables words of length four)
are not practicable. However, the analyzed data suggest that
even with short sequences of three successive symbols the
analysis provides additional and independent information
about interactions between HR and SP. The second limitation
depends on the number of analyzed data sets. Therefore, JSD
should be validated on larger patient groups.

V. CONCLUSION

JSD provides a new non-linear representation of HR and
SP  short-term interactions. These interactions are
significantly influenced by pathological changes as induced
by DCM and are probably dependent on the severity of DCM.
Therefore, this method seems to be particularly suitable for
risk stratification in patients with dilated cardiomyopathy.
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